We aimed to examine to what extent a lateral infraclavicular brachial plexus block affected the axillary and the suprascapular nerve. We included patients undergoing hand surgery anaesthetised with a lateral infraclavicular brachial plexus block. Our primary outcome was the relative change in surface electromyography during maximum voluntary isometric contraction of the medial deltoid muscle (axillary nerve) and the infraspinatus muscle (suprascapular nerve) from baseline to 30 min after the block procedure. A reduction in electromyography of > 50% defined a successful block. The impact of the block on the shoulder nerves was compared with the surgical target nerves of the arm and hand (musculocutaneous, radial, median and ulnar nerves). Twenty patients were included. The medians of the relative changes in the surface electromyography were significantly reduced (both p < 0.001) with 92% for the deltoid muscle and 30% for the infraspinatus muscle, respectively. In total, 18 out of 20 patients had reductions > 50% for the deltoid muscle, which was significantly different from the infraspinatus muscle, where the proportion was 5 out of 20 (p < 0.001). The medians of the relative reductions in electromyography for the arm and hand muscles were 90-96%, similar to the effect on the deltoid muscle. Our results suggest that a lateral infraclavicular block provides block of the axillary nerve comparable to the block of the surgical target nerves. The suprascapular nerve is blocked to a lesser degree. Combining a lateral infraclavicular brachial plexus block with a selective suprascapular block for shoulder surgery warrants further studies.
Introduction
Managing postoperative pain after shoulder surgery is a continuing challenge. An interscalene brachial plexus block is highly effective in lowering pain and morphine consumption, but side-effects are a concern, especially phrenic nerve palsy [1, 2] .
Traditionally, we consider the suprascapular and the axillary nerves to be the most important sensory nerves of the shoulder joint. However, other nerves contribute as well [3, 4] . Few studies have examined the use of a selective block of the suprascapular nerve -alone or in combination with an axillary nerve block -for arthroscopic shoulder surgery, and the results are ambiguous [5] [6] [7] [8] [9] .
Combining an infraclavicular brachial plexus block with a selective suprascapular nerve block has been suggested in 2004 by Martinez et al., who successfully used this combination for a humeral head repair in a case study of a patient with respiratory failure [10] .
Anatomically, it seems plausible that an infraclavicular brachial plexus block may block the axillary, the subscapular and the lateral pectoral nerves [4, 11] . Surprisingly, this case report did not lead to further examinations of this approach until recent papers suggested it as a possible solution to the challenge of avoiding hemidiaphragmatic paralysis when blocking the shoulder nerves [11, 12] .
To our knowledge, no study has examined to what extent the nerves of the shoulder are blocked by an infraclavicular brachial plexus block. Several studies have examined sensory and motor effects on the axillary nerve after an infraclavicular brachial plexus block, but never as a primary outcome, and results are not clear.
We have not been able to identify any studies reporting on the effect of an infraclavicular brachial plexus block on the suprascapular nerve, the subscapular nerve or the lateral pectoral nerve.
Several methods for evaluating regional anaesthesia exist [13, 14] , but electromyography has never been widely used. To our knowledge, during the last 20 years, only three studies have used electromyography to evaluate nerve blocks in relation to regional anaesthesia even though this technology offers obvious benefits [15] [16] [17] . Electromyography makes it possible to measure the effect of a nerve block on individual muscles and compared with more traditional testing methods of sensory and motor functions, it delivers a continuous variable that offers greater resolution and different statistical possibilities [18] .
The aim of this observational study was to examine if, and to what extent, a lateral infraclavicular brachial plexus block for hand surgery affects the two largest shoulder nerves -the axillary and the suprascapular nerve -using surface electromyography.
Methods
This single-centre observational study was conducted in compliance with the Helsinki Declaration and its amendments. It was approved by the Ethics Committee of the Capital Region of Denmark and the Danish Data Protection Agency. The study is reported according to the STROBE statement [19] .
After informed oral and written consent patients were prospectively included in the study. We included patients who were scheduled to undergo hand surgery with a pre-operative lateral infraclavicular brachial plexus block as the sole anaesthetic. Exclusion criteria were: age < 18 years; peripheral neurological disease or damage; no access to the skin of the shoulder, arm or hand; inability to participate in the assessments; or inability to understand the Danish language. All patients had a peripheral venous catheter in the contralateral hand and were monitored according to hospital standards (continuous electrocardiography, pulse oximetry and non-invasive blood pressure).
All blocks were performed by one of three anaesthetists with extensive experience in regional anaesthesia.
With the patient in the supine position, we used a lateral sagittal in-plane technique as described by Klaastad et al. [20, 21] on the basis of the initial work of Raj [22] . We identified a cross-section of the axillary artery and vein using a Sonosite Nanomaxx Ultrasound System with a biceps muscle (musculocutaneous nerve); lateral head of triceps muscle (radial nerve); abductor pollicis brevis muscle (median nerve); and first dorsal interosseous muscle (ulnar nerve) [18] . To cancel out electrical interference from the skin we placed a reference electrode over the clavicle on the opposite side. Surface electromyography was recorded and stored on a computer for later analysis using a data acquisition system (Data-link DLK900, Biometrics Ltd, Newport, UK). Surface electromyography signals were processed using an RMS filter with a filter constant of 200 ms, after which the highest value was identified. For each movement, an average value was calculated from the three measurements. All processing was done using
Biometrics Data-link software (version 8.6).
After completion of these tests, maximum voluntary isometric contraction was assessed for external rotation and abduction of the shoulder using dynamometry. We 
Results
Twenty patients were included and completed the study protocol between May 2016 and June 2017. Patient and block characteristics are shown in Table 1 . After assessments were completed at T30, two patients had blocks that were considered inadequate for surgery. Selective nerve blocks were therefore performed using an axillary brachial plexus block approach: one patient had a selective block of the musculocutaneous nerve using 3 ml of ropivacaine 7.5 mg.ml À1 and the other had a selective block of the median and the ulnar nerves using a total of 8 ml ropivacaine 7.5 mg.ml
À1
. All data were collected before these 'rescue' procedures. None of the 20 patients experienced any pain during surgery and no other anaesthetic intervention was needed in any of the cases. Data from all 20 patients were included in our analysis. comparing the deltoid muscle to the biceps muscle, the triceps muscle, the abductor pollicis brevis muscle or the first dorsal interosseus muscle (range of p: 0.14-0.97).
This is illustrated in Fig. 1 , where ranked surface electromyography results for each tested muscle are depicted.
In Our study was purely observational and exploratory in its design, and we did not standardise the methods used for applying the local anaesthesia. However, by chance, half of the blocks were performed as a single injection and half of the blocks were performed as multiple injections. As the suprascapular nerve relates primarily to the lateral cord, one could suspect that the effect on this nerve may differ depending on block approach. Thus, we performed post hoc analyses of our primary outcomes comparing blocks performed as single or multiple deposit injections. We found no significant differences comparing both the median change in surface electromyography or successful blocks (defined as reduction in surface electromyography of > 50% of neither the axillary or suprascapular nerves). Furthermore, as both failed blocks were single-deposit injections, we re-analysed our data after excluding these two blocks, but this did not change our results.
Discussion
In this observational study of lateral infraclavicular brachial plexus block, we found that the axillary nerve was affected to the same extent as the four nerves that were our primary targets in relation to hand surgery. This was demonstrated using surface electromyography and simple manual tests for motor function and cutaneous sensation. In one-quarter of the patients the suprascapular nerve was blocked, and in one-fifth of the patients both the axillary and the suprascapular nerve were blocked according to our pre-determined surface electromyography cut-off value. Using dynamometry, we found a median reduction in maximum voluntary isometric contraction force of 29% for external rotation, which was almost identical to the 30% median reduction in surface electromyography for the infraspinatus muscle.
Abduction force was reduced to a lesser degree than the reduction in surface electromyography for the deltoid muscle (À60% vs. À92%). This is not surprising, since almost all external rotation force is generated by the infraspinatus muscle. The supraspinatus muscle, which is also innervated by the suprascapular nerve, contributes substantially to abduction, especially in the 0-15°move-ment range where we did the testing. We believe that with rates ranging from 9% to 100% [12, [24] [25] [26] [27] [28] [29] . Even though this was a purely observational study we decided to do a prior sample size calculation. As we had no knowledge of the extent to which the suprascapular nerve would be affected by an infraclavicular brachial plexus block, we based this only on our expectations of the of axillary nerve involvement, even though our primary outcome included both nerves. We defined a successful block by a cut-off value of 50% for surface electromyography. This was to some extent arbi- Using the upper part of the 90% bootstrapped confidence interval, a conservative cut-off value was defined as 68% of the pre-block value. In other words, they defined involvement of the nerve to the vastus medialis muscle as a surface electromyography reduction above 32%. Even though these results cannot be transferred directly to our study, they indicate that our considerations and the choice of 50% seems relevant. It is uncertain if this is a clinically-relevant cut-off value. In our study however, there was an overall agreement between the 50% cut-off and the blocks that were sufficient for surgery, as illustrated in Fig. 1 .
In our opinion, the use of surface electromyography in daily clinical practice is limited by the cost, complexity and time required to use the technology. Development of cheaper, simpler and user-friendlier handheld devices could alter this. However, we believe there is great potential to be explored in relation to research.
We believe that the fact that we conducted this study on patients planned for hand surgery and collected all our data before surgery strengthens our results. The setting was almost comparable to a study in healthy volunteers and bias due to limitations in shoulder movements and pain were minimised.
In a recent letter, Vagh et al. [32] describes the use of low volume blocks (5 ml each) of the posterior and the lateral cord in combination with a selective suprascapular nerve block for shoulder surgery. As the axillary and the subscapular nerves originate from the posterior cord and the lateral pectoral nerve originates from the lateral cord, this approach seems promising but needs to be explored further.
In a recently published study, Musso et al. [12] used a combination of a superficial cervical plexus block, a suprascapular nerve block and an infraclavicular brachial plexus block in 20 patients undergoing arthroscopic shoulder surgery. In 19 out of 20 patients, the operation was carried out successfully using light sedation with propofol. Despite obvious limitations in study design these results call for further exploration.
In conclusion, our results suggest that a lateral infraclavicular brachial plexus block provides block of the axillary nerve that is comparable in quality to the block of the primary target nerves. It seems that the suprascapular nerve is blocked rarely, and to a much lesser degree.
These findings should prompt studies investigating a lateral infraclavicular brachial plexus block combined with a selective suprascapular nerve block for shoulder surgery. We have also demonstrated the use of surface electromyography as a tool to evaluate nerve blocks.
Future studies should explore further the potential of this technology both in relation to research and clinical practice.
